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Abstract 


After treatment in different Fenton’s reagents, chemical changes in Nafion® membranes were analyzed by X-ray photoelectron spectroscopy 
(XPS) and clear evidence of polymer degradation was observed. Exposure of the membrane to 2h of X-ray radiation did not affect the chemical 
structure of the membrane. However, treatment with various Fenton’s reagents indicated that the (CF), polymer backbone had decomposed. 
Fluorine and sulfur XPS peak intensity decreases were consistent with the detection of fluoride and sulfate ions during fuel-cell tests. The increase 
in oxygen atom concentration suggests that oxygen-rich moieties formed in the membrane. These results indicated that in addition to degradation 
of the polymer side chain, chemical attack of the CF, backbone may be the primary reason for extensive fluorine loss and hydrogen crossover 
in membranes after long-term operation. FTIR spectra showed the formation of C=O and S—O-S in the degraded membrane. Two degradation 
schemes consistent with the results observed have been proposed. Under the same experimental conditions, no detectable changes in XPS spectra 
were found between a fresh membrane electrode assembly (MEA) and an MEA after long-term operation. These results suggest that degradation 


occurred mainly within the membrane or at the membrane-electrode interface. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Nafion® membranes display chemical stability, permselec- 
tivity and high proton conductivity; as a result, since their 
appearance in the mid-1960s [1], they have been widely used 
as proton exchange membranes. Although Nafion® perfluoro- 
sulfonic acid (PFSA) polymer has demonstrated high efficiency 
and stable performance in fuel-cell applications, evidence of 
polymer degradation is detected after a few hundred to a few 
thousand hours depending upon the operating conditions [2—4]. 
It is believed that membrane degradation is mainly caused by 
chemical attack of the polymer [2,5]. Previous work has sug- 
gested that hydroxyl] free radicals, generated from homolytic 
cleavage of H2072 catalyzed by metal impurities, can attack poly- 
mer end groups having H-containing terminal bonds (such as 
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—CF,COOH) that are formed during membrane processing [2]. 
Indeed, carbon radicals in the electrode and unspecified radical 
centers in the membrane have been identified previously in a 
PEM fuel cell using electron spin resonance (ESR) [6,7]. 
X-ray photoelectron spectroscopy (XPS) has been used pre- 
viously to study chemical changes in the polymer membrane. 
For instance, Schulze et al. used XPS to study the degradation 
of Nafion® under X-ray exposure [8,9] and reported that changes 
in both the PTFE backbone and the side chain occurred. XPS 
analysis of fresh and degraded membrane electrode assemblies 
(MEAs) was carried out by Huang et al. [10] XPS measurements 
revealed that Nafion® decomposed after fuel-cell operation, par- 
ticularly in the hydrogen potential region of the cell. Therefore, it 
is likely that under the anode potential, the hydrophobic part (i.e., 
fluorocarbon) in the Nafion® electrolyte may react with carbon 
or hydrogen atoms, yielding -HCF— or -CCF-— configurations 
which ultimately result in degradation of the electrolyte. 
Membrane degradation during fuel-cell operation is believed 
to be due to the formation of hydrogen peroxide caused by 
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diffusion of oxygen across the membrane where it reacts 
with hydrogen. Data from W. Liu and D. Zuckerbrod [11] 
show that H2O, formation is inversely proportional to mem- 
brane thickness. Therefore, the rate of chemical degradation 
of the membrane will depend upon the rate of gas crossover. 
For example, H2 and O2 permeability across an MEA with 
Nafion® 111 membrane are reported to be 1.61 x 1078 and 
1.3 x 107? mol (cm? s)}, respectively [12]. After achieving 
steady state, we can assume that Oz and H} crossover will be 
constant under a fixed Oz partial pressure. Normally, cell poten- 
tial is not expected to change significantly, so the generation of 
peroxide should also be nearly constant. Under these conditions, 
the membrane degradation rate is determined solely by the level 
of metal ion contaminants such as Fe** and Cu?*. 

Fenton’s reagent is a well-known source of hydroxyl radi- 
cals, and the similarity between the in situ (fuel-cell operation) 
and ex situ (Fenton’s test) degradation mechanism has been 
reported [13]. However, performance of a membrane in such 
a test is not necessarily a good prediction of its durability under 
fuel-cell conditions. Recently developed non-fluorinated mem- 
branes such as 4,4’-biphenol based poly(arylene ether sulfone) 
copolymers [14] have been reported to degrade extensively in 
Fenton’s test but demonstrate longer lifetimes than do Nafion® 
membranes in open circuit voltage (OCV) tests due to low O2 
permeability. Therefore, our objective in this study is to use ex 
situ tests to demonstrate the ability of XPS to identify chemical 
changes in the membrane that can be related to both the rela- 
tive concentration of hydrogen peroxide and fuel cell operating 
conditions. Since the level of metal contaminants and peroxide 
concentration are easier to control with Fenton’s test compared 
to fuel-cell durability tests, we first use XPS to analyze mem- 
branes exposed to Fenton’s test before considering analyses of 
membranes that have been exposed to fuel-cell conditions. In 
order to accelerate membrane degradation, the Fe2* concentra- 
tions in Fenton’s reagent are varied from 3 ppm to 300 ppm. 
Clearly, Fenton’s test yields much more aggressive reaction con- 
ditions than those encountered in the fuel cell, where the metal 
contaminant level is likely to be on the order of 1 ppm accord- 
ing to the NEDO report from Mitsuda [15]. Degradation data are 
collected and the membrane samples are analyzed by XPS after 
Fenton’s test; FTIR is also invoked to validate the XPS results. 
The effects of Fe** concentration and temperature on membrane 
degradation are discussed. After fuel-cell durability tests, the 
degraded MEA is also analyzed and results are compared with 
those on a fresh MEA. To the authors’ knowledge, this is the 
first application of XPS to correlate surface analysis and degra- 
dation studies of Nafion® membranes. The experimental results 
provide evidence of chemical attack of the CF2 backbone. 


2. Experimental 
2.1. Ex situ Fenton’s test 

Nafion® 112 (Dupont), with a thickness of 51 um and an 
equivalent weight of 1100, was used for all experiments. XPS 


analyses demonstrated that the Nafion® membrane consists of 
approximately 31.5 atom% carbon, 58.8% fluorine, 8.4% oxy- 


gen and 1.3% sulfur, which is consistent with previous XPS 
studies [8]. Ferrous sulfate with 7-hydrate (A.C.S. grade, from 
J.T. Baker Chemical Co.) was dissolved into an aqueous solu- 
tion of hydrogen peroxide (A.C.S. grade, from Fisher Scientific) 
to prepare Fenton’s reagent. Because the ferrous ion accelerates 
H202 decomposition to generate O2, fresh Fenton’s reagent was 
used in each experiment. 

The ex situ Fenton’s test included the following steps: 

Membrane pretreatment: First the membrane was treated with 
a 2% solution of hydrogen peroxide at 80 °C and rinsed in boil- 
ing de-ionized water for 0.5 h. Then the membrane was heated 
in 0.5M sulfuric acid for 0.5h at 80°C to remove metallic 
impurities. Subsequently, the membrane was repeatedly washed 
with de-ionized water at the same temperature for 1 h to remove 
sulfuric acid and then dried in air. 

Fenton’s test: Fenton’s test was conducted using 10% (wt) 
hydrogen peroxide and different concentrations of iron salts. 
The membrane was weighed and placed in a wide mouth bottle. 
One hundred milliliters of H2O2 solution with the appropriate 
amount of Fe?* were added to the solution. Then the mem- 
brane was treated in the Fenton’s reagent at 80°C for several 
hours. After treatment, it was repeatedly washed with 80°C de- 
ionized water and dried by carefully pressing between two filter 
papers. The resulting solution was analyzed for fluoride ion con- 
tent using an ICS-2000 Ion Chromatography System (Dionex 
Corporation). The fluoride ion peak at approximately 3.2 min 
is the first anion to elute and was quantified using a calibration 
curve generated with fluoride standards (Ricca Chemical). 


2.2. XPS (X-ray photoelectron spectroscopy) 


Chemical analysis of Nafion® membranes and MEA sam- 
ples were performed by XPS. The spectra were collected using 
a Physical Electronics (PHI) Model 1600 XPS system equipped 
with a monochromator and an Al Ka source (hv = 1486.8 eV) 
operating at 350 W beam power. Ejected photoelectrons were 
detected by a hemispherical analyzer that provided both high 
sensitivity and resolution. The operating pressure in the sam- 
pling chamber was below 5 x 107° Torr. Samples were aligned 
in the beam by maximizing photoelectron counts corresponding 
to the primary C ls peak in C-C bonds located at a binding 
energy of 284.8eV. A neutralizer beam was used during XPS 
measurements to compensate for peak shifting that occurs due 
to charging of samples during X-ray exposure. All high reso- 
lution spectra were collected using a pass energy of 46.95 eV. 
The step size and time per step were chosen to be 0.025eV 
and 100 ms, respectively. Atomic concentrations of different ele- 
ments were calculated based on the photoelectron intensities of 
each element and the elemental sensitivity factors provided by 
PHI. Samples were scanned at different locations and the peak 
intensity and composition at different locations were compared 
to assure uniformity of film composition over the sample surface. 


2.3. FTIR (Fourier transform infrared spectroscopy) 


FTIR spectra were collected on a Bruker IFs66vS FTIR sys- 
tem with KBr as a beam splitter. Spectra, collected as the average 
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Table 1 


XPS results for different samples in Fenton’s test (H202 concentration is fixed at 10 wt.%) 


Treatment conditions 


Element composition in atom% 


Fe** concentration (ppm) Temperature (°C) Time (h) Carbon Oxygen Sulfur Fluorine Impurities 
Pretreated - 80 - 31.5 8.4 1.3 58.8 - 
Sample 1 300 80 24 20.2 53.1 1.4 5.8 19.5 
Sample 2 30 80 24 27.8 36.6 0.9 21.3 13.4 
Sample 3 3 80 24 29.7 19.5 1.4 44.7 4.7 
Sample 4 30 60 8 32.4 8.7 1.3 57.7 -= 


of 128 scans with a resolution of 4cm !, were recorded from 
4000 to 400 cm7! in absorption mode. 


2.4. In situ durability test 


5cm x 5cm membrane electrode assemblies (MEAs) cov- 
ered with gas diffusion layers (GDLs) were supplied by a 
commercial vendor. The MEA included Nafion® 111 mem- 
brane and Pt/C catalyst layers with Pt loadings of 0.3 and 
0.5 mgp cm7? in the anode and cathode respectively. MEA 
with Nafion® 111 membrane is more prone to chemical attack 
because of higher oxygen crossover. However, in the ex situ 
Fenton’s test, the membrane thickness is not relevant since oxy- 
gen crossover is not needed to form H202. The MEA and GDL 
were assembled in 25 cm? fuel-cell testing hardware (Fuel Cell 
Technologies, Inc.). Long-term fuel-cell durability tests were 
conducted on the Fuel Cell Test Station (Teledyne Energy Sys- 
tem Inc. Model 890CL). The cell operating conditions were: 
open circuit voltage ~0.9 V, T=65°C, RH=30%, H flow 
rate=0.1 Lmin~!, Air flow rate = 0.3 L min™ !, and atmospheric 
pressure. Water was collected from both the anode and cathode. 
Fluoride ion concentration in the exhaust water was measured 
by ion chromatography and the fluoride ion emission rate (FER) 
was determined every 24h. 


3. Results and discussion 
3.1. Effect of Fe?* concentration on membrane degradation 


Nafion® membrane samples were exposed to Fe** concen- 
trations of 3, 30 and 300 ppm (corresponding to samples 3, 2 and 
1, respectively) and a constant H202 concentration of 10 wt.% 
at 80°C for 24h. To investigate the effect of time and solution 
temperature, an additional membrane sample was exposed to 
30 ppm Fe*+ (sample 4) at 60°C for 8h (Table 1). 

Fig. 1 shows the effect of Fe?* concentration on mem- 
brane degradation. It is interesting to note that the highest Fe?* 
concentration corresponds to lowest FER, which is consistent 
with the results from Kodama et al. [16]. However, Schiraldi 
[17] has pointed out that literature reports that show surpris- 
ingly low FER under aggressive Fenton’s test may be in error 
due to the existence of Fe*+ in Fenton’s reagent when using 
commercial ion-selective electrodes. In the current study, we 
avoided this error by using ion chromatography to measure flu- 
oride ion content. More likely, the decrease in FER is due to 
different degradation products under different Fe?* concentra- 


tions. At low Fe?* concentrations, the main degradation product 
would be fluoride ion and a very small number of polymer 
fragments in this mild environment. As the Fe?* concentra- 
tion increases, the radicals may attack less active bonds such 
as C-O in the polymer. For example, Healy et al. [13] found a 
degradation product in a Fenton’s test bath water with the struc- 
ture HOOC-CF(CF3)—O—CF2—CF2—-SO3H. Therefore, polymer 
fragments may have been a dominant degradation product, but 
are not detectable by ion chromatography. Although the XPS 
spectra discussed below show a large loss of fluorine from the 
membrane after Fenton’s test with the highest Fe** concentra- 
tion, the low F~ emission rate cannot account for this large 
loss. Nevertheless, Fenton’s test under aggressive conditions 
may provide sufficient degradation products for further study 
by NMR and mass spectroscopy; these studies are underway in 
our laboratory. 


3.2. Effect of temperature on membrane degradation 


Fig. 2 shows membrane degradation rates at different temper- 
atures for the Fenton’s test. Clearly, degradation rates increase 
with temperature; FER increased by approximately a factor of 2 
after a temperature increase of 10°C. These results suggest that 
the lifetime of Nafion® membranes will be greatly diminished 
when operating above 100°C. Therefore, identifying the mem- 
brane degradation mechanism is crucial to the improvement of 
membrane durability and can serve as a guide to the development 
of novel high temperature membranes. 


Fluoride ion emission rate 
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In([Fe?*]) (ppm) 


Fig. 1. Effect of Fe** concentration on membrane degradation. 
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Fig. 2. Degradation rates under different temperatures (Fe?* fixed at 30 ppm). 


3.3. X-ray radiation effect on membrane degradation 


Pretreated Nafion® membrane samples were exposed to X- 
ray radiation in the XPS chamber and XPS spectra were recorded 
(Fig. 3) as a function of exposure time. X-ray radiation did 
not cause a discernable change in the chemical structure of 
the membrane, even after 2h of exposure. Since the typical 
XPS analysis time for these membranes is only ~20 min, these 
results demonstrate that there is a sufficient time window to allow 
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chemical activity without introducing additional changes due to 
radiation exposure. 


3.4. XPS analyses of the membranes 


Fig. 4(a) shows the C 1s spectra of different membrane sam- 
ples. For carbon in the CF2 configuration, the binding energy 
(Ey) is ~291 eV (highest binding energy peak). The XPS peak 
at Ep = 284.2 eV can be related to the carbon in C—CF or C-C 
configuration. It is apparent that the intensity of the peak at 
291 eV decreases when the Fe?* concentration is increased; after 
treatment with the 300 ppm Fe* solution, this peak is nearly 
undetectable, indicating that the (CF2)„ polymer backbone has 
decomposed. However, the intensity of the peak at 284.2 eV for 
samples 2 and 3 has increased, indicating that the relative con- 
centrations of C-C or C—CF configurations have increased with 
increasing Fe**. 

These results demonstrate that fluorine atoms are removed 
from the CF, bonding configuration to form fluorine depleted 
configurations as a result of treatment with Fenton’s reagent. 
For the highest Fe** concentration (sample 1), the CF> intensity 
decreased and the binding energy shifted to lower values. Such 
observations are consistent with a removal of fluorine atoms, 
resulting in a reduced binding energy for C 1s. 

Fig. 4(b) shows the O 1s spectrum for different membrane 
samples. Oxygen in Nafion® membranes has two different 
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Fig. 3. XPS spectra changes with X-ray exposure time. 
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Fig. 4. XPS spectra of different membrane samples. 


binding states. Three oxygen atoms are bound in each sul- 
fonic acid group, indicated by E» =535.7 eV (highest binding 
energy peak). Two of the oxygen atoms in the polymer chain 
are in ether configurations with Ep =533eV (lower binding 
energy peak). After treatment of samples 1-3 (Table 1) in Fen- 
ton’s reagent, only the ether bonding configuration is observed. 
Furthermore, with an increase in Fe2+ concentration, the oxy- 
gen binding energy is shifted to lower values. This shift is 
consistent with the formation of an oxo-bonded iron com- 
plex on the membrane surface [18,19] along with the loss of 
-SO3H groups from the membrane. Such results also agree 
with the detection of S04? in the exhaust water by ion 
chromatography. 

Fig. 4(c) shows the S 2p spectrum for different membrane 
samples; S 2p electrons have a binding energy of 168 eV. The 
binding energy of sulfur does not change after exposure to Fen- 
ton’s reagent, but the signal intensity decreases, indicating a loss 
of sulfur from the polymer. Such observations and conclusions 
are consistent with the changes observed in the O 1s spectrum 
and the detection of SO427 in the effluent [20]. 

Fig. 4(d) shows the F 1s spectrum for different membrane 
samples; F 1s electrons have a binding energy of 688 eV. A 
substantial decrease in peak intensity has occurred as a result 
of the Fenton’s reagent treatment. In fact, for the highest Fe?* 
concentration (sample 1), the fluorine signal is weak, indicating 
a low fluorine atomic percentage (Fig. 4(d) and Table 1). 


3.5. Atomic percentage data analyses 


Table 1 gives the treatment conditions and quantitative (peak 
fitting) XPS results for various samples that were exposed to 
Fenton’s reagent. Limited changes in elemental concentrations 
were observed after Fenton’s test at 60°C (sample 4). These 
results are consistent with the FER data from Fig. 2, which shows 
that the FER at 80°C is three times larger than that at 60°C. 
Such observations are expected, since the polymer degradation 
rate should be reduced at lower temperatures. 

The oxygen concentration in the polymer increases during 
each test, whereas the sulfur concentration remains low. This 
result indicates that most of the oxygen atoms are not bonded to 
sulfur. Two plausible reasons for the increase in oxygen concen- 
tration can be offered. First, the main contribution is likely due 
to the oxo-bonded iron complex. Since the hydrophilic sulfonic 
acid group in the side chain can move from the membrane bulk 
to the surface during treatment [8], the oxo-bonded iron complex 
can form after a proton in —SO3H is exchanged with a ferric ion 
in Fenton’s reagent [18]. However, the oxygen concentration 
in the polymer still increases even after subtracting the maxi- 
mum number of oxygen atoms bonded to iron (in the form of 
Fe-OOH). Second, although carbon and fluorine are removed 
as a result of chemical attack and replaced by oxygen, there 
is also considerable oxygen loss from the removal of -SO3H 
groups. Therefore, loss of carbon and fluorine is probably not 


C. Chen et al. / Journal of Power Sources 169 (2007) 288-295 293 


+ C-O-C(983cm") 5 
Fe-O-Fe 
, or O-O 
(870cm") 4 4 
OH stretching HOH bending 
‘Ys. H,O* stretching(2900cm) 13 2 
ose. i i D 
reyd H,O* bending} S 
d no: 2 
m CF, stretching | = 
-- combination(2200cm): | 2 g 
-4 i 5 
x 7) 
| 4 
= `~ S-0-S(1434cm"') 


3900 3400 2900 2400 1900 1400 900 400 
Wave number (cm-1) 


Fig. 5. FTIR spectra of initial, pretreated and tested membrane samples: a (. ) 
initial membrane sample, b (- - - - - ) pretreated membrane sample, c(- +--+ +++ +++ +) 
300 ppm Fe?* treated membrane sample, d (-- - -) 3 ppm Fe** treated membrane 
sample. 


the dominant reason for the increase in oxygen concentration in 
the polymer. The most probable source of oxygen is from the 
hydroxy] free radical (OH). Attack of the polymer chain by this 
radical forms O-O or C=O moieties. The atomic ratio of carbon 
to oxygen drops after each test. The high oxygen content rela- 
tive to carbon suggests the formation of polymeric species that 
contain large amounts of oxygen. That is, one result of chemical 
attack of the polymer chain may be the formation of peroxide 
or carbonyl groups in the degraded membrane. 


3.6. FTIR studies of the membrane 


In order to verify XPS results, FTIR was used to study 
the chemical structure of Nafion® membranes before and after 
Fenton’s test. Fig. 5 shows the FTIR spectra of initial, pre- 
treated, 3 ppm Fe** treated and 300 ppm Fe** treated (both 
with 10% H202) membrane samples. Spectra of initial and pre- 
treated Nafion® membranes are consistent with observations 
on Nafion® membranes reported previously [21,22]. The broad 
absorption between 3700 and 2900 cm! is assigned to the fun- 
damental stretching vibration of water. A shift of this band from 
2900 cm7! to 3200 cm7! is observed in the tested membrane. 
This shift results from the fact that the band at 2900 cm7! can 
also be assigned to the stretching band of H3O* [21]. That is, 
after Fenton’s test, some of the protons attached to sulfonic 
groups have been exchanged with Fe?* or Fe**, thereby decreas- 
ing the H3O* content in the membrane and resulting in a peak 
shift. This conclusion is consistent with the disappearance of 
the band at 1710 cm7! in the degraded membrane, which corre- 
sponds to the H30* asymmetric bending mode [21]. The band 
at 2200cm™! is assigned to the CF) stretching combination 
[23,24]. A shift to higher wave number accompanied by an 
intensity decrease was observed for tested membranes, which 
demonstrated a loss of CF2 groups in the degraded membrane 
and is consistent with XPS spectra. The band at 1630 cm7! 
is assigned to the HOH fundamental bending mode [21,24]. 
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Fig. 6. FTIR spectra of membrane samples in 1900 cm7! and 1500 cm7! short 
range: a ( ) initial membrane sample, b (- - - -) pretreated membrane sample, 
c (--++++++ +++) 300 ppm Fe?* treated membrane sample, d (----) 3 ppm Fe*+ 
treated membrane sample. 


It should be noticed that on the high wavenumber shoulder of 
this peak a weak but broad band appears; this spectral region is 
enlarged in Fig. 6. The band at 1765 cm7! may be assigned to the 
carbonyl bond in esters or carboxylic acids. Such observations 
offer evidence of the formation of oxygen-rich groups such as 
esters or carboxylic acid groups, which is in agreement with XPS 
results. A very weak absorption at 1434cm7! is also evident; 
this peak has been assigned to a cross-linking S—O-S band by 
J. Qiao et al. [25] This assignment can be further verified by the 
fact that two water bands appear in the range 3000-4000 cm7!. 
In the previous degradation [25] study using H2072, these peaks 
were not observed until the membrane was exposed to H2O2 for 
3 weeks; this can be compared to 24h of exposure to Fenton’s 
test in our study. Such observations indicate that free radicals 
will aggressively attack the membrane and lead to the loss of 
sulfonic groups which may cause performance decay in fuel- 
cell tests. Another absorption detected is the band at 870 cm7!, 
which can be assigned to oxo-bonded Fe-O-Fe in Fe**-Nafion 
[18]. However, since the O-O stretch in Nafion® has also been 
reported [26] to be in this narrow range (845-875 cm~!), this 
peak could be due to O-O, or to a combination of O-O and 
Fe—O-Fe bands. 


3.7. Degradation mechanism 


Based on the experimental results provided above, the degra- 
dation mechanism of Nafion® can be considered to occur via two 
schemes. The first scheme occurs due to the attack of defects in 
the main chain such as “residual” C-H bonds that have been 
reported to exist in the Nafion® polymer [27]. It is well-known 
that carbon-fluorine bonds are strong (~460kJ mol`!) com- 
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Fig. 7. XPS spectra of fresh and degraded MEAs. 


pared to carbon-hydrogen bonds (~410kJ mol!) [5]. In fact, 
C-F bonds are responsible for the chemical stability of Nafion® 
membranes, and are thus unlikely to be attacked extensively 
by free radicals. However, defects such as C-H or C=C bonds, 
which may form in the polymer during the manufacturing pro- 
cess, are sufficient to initiate radical reactions and eventually 
degrade Nafion® [27]. These defects can be attacked by hydroxyl 
or hydroperoxy radicals to form carbon-centered radicals, which 
have been observed by EPR studies [6,28]. The carbon-centered 
radical is not stable; thus, it can undergo further radical reaction 
with hydroxy] radicals or even O2 and water to generate more 
stable peroxyl radicals or ester structures and thereby produce 
fluoride ions and polymer fragments. This process can lead to 
the cleavage of polymer chains, which is referred to “decom- 
position of (CF2), polymer backbone”. Another degradation 
scheme is associated with the end group —SO3H, the first step 
of which is the formation of cross-linking S-O-S bonds under 
the strong oxidation effect of H2O2 and free radicals. This anhy- 
dride may react with another sulfonic acid group to produce a 
sulfonate ester and release SO2 gas, which has been detected 
in the exhaust gas of fuel cells by direct gas mass spectroscopy 
(DGMS) [29]. Reaction of this ester with water produces a car- 
boxylic acid that can be further attacked by hydroxy] radicals. 
This reaction of the -SO3H group may account in part for the 
non-zero intercept in plots of fluoride generation rate versus car- 
boxylic acid content in Nafion® [17]. That is, the sulfonic acid 
end group could be an additional point of attack by peroxide 
after transformation into a carboxylic acid end group occurs via 
the above scheme. Moreover, S. Hommura et al. reported that 
the carboxylic acid content in the membrane increased during 
OCV tests [30], which also indicates the possibility of -COOH 


formation from —SO3H groups. This scheme is analogous to one 
of the degradation schemes reported for Nafion® during thermal 
degradation [31]. However, it should be stressed that this process 
is kinetically very slow under fuel-cell conditions compared to 
the degradation of carboxylic acid end groups; as a result, this 
mechanism may explain the observed continuous fluoride ion 
emission during the fuel-cell lifetime. 


3.8. XPS spectra of the MEA (membrane electrode 
assembly) 


Fig. 7(a)-(d) shows XPS spectra of the electrode surface of 
both fresh and degraded MEA. Because the electron mean free 
path in solids is <10 nm, XPS samples only near surface regions, 
and thus yields chemical information regarding the electrode 
surface, which contains Pt catalyst and Nafion ionomers. No sig- 
nificant difference between the structure of fresh and degraded 
MEA was found by XPS. However, analysis of the water col- 
lected from the anode and cathode regions showed that ~8.4% 
of the total fluorine was lost after 236 h of operation. Such results 
suggest that the Pt catalyst in the electrode may help to protect 
Nafion ionomers from degradation [32]. If this is correct, the 
degradation may occur primarily within the membrane or in the 
electrode but near the membrane interface. 


4. Conclusions 


Fenton’s tests on Nafion® membranes demonstrate the effects 
of Fe** concentration and temperature on membrane degrada- 
tion. Under various Fe2* concentrations, different degradation 
products were generated. With increasing Fe?* concentrations, 
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the fraction of degradation products that are polymer fragments 
increase. Furthermore, membrane degradation is accelerated 
at high temperatures. After pretreatment and Fenton’s test, 
Nafion® membrane samples were analyzed by XPS to inves- 
tigate chemical changes in the polymer. Results indicate that 
X-ray radiation has little effect on membrane degradation even 
up to 2h of exposure. These observations confirm that changes in 
XPS spectra of treated membranes give an indication of chemical 
bonding and composition changes resulting from treatment with 
Fenton’s reagent. Carbon XPS studies of membranes after treat- 
ment show an intensity decrease in the bonding peak related to 
the CF? configuration. Analyses of the O 1s spectra suggest that 
the oxygen present after treatment is primarily in the ether con- 
figuration or bonded with iron, since -SO3H groups have been 
diminished. The loss of fluorine and sulfur as indicated by S 2p 
and F 1s XPS spectra is consistent with the detection of F~ and 
S04? in exhaust water from MEAs during fuel-cell operation. 
Oxygen atom analyses indicate that chemical groups with a high 
carbon to oxygen ratio are generated in the membrane, appar- 
ently due to free radical attack of the polymer backbone by °OH. 
FTIR studies verified the formation of oxygen-rich moieties in 
the degraded membrane, since C=O and O-O bands were evi- 
dent in the spectra. Moreover, formation of cross-linking S-O-S 
was observed which can initiate further degradation by produc- 
ing carboxylic acid groups. Two membrane degradation schemes 
have been proposed: degradation initiated by polymer defects 
and by cross-linking of sulfonic end groups. No significant dif- 
ference between fresh and degraded MEAs is found in the XPS 
spectra, indicating that membrane degradation likely occurs at 
the electrode—membrane interface or within the membrane bulk. 
Further XPS and FTIR analyses, including depth profiling of the 
membrane separated from MEA is therefore required to obtain 
additional insight into the membrane degradation mechanism. 
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